Overexpression of ribosomal RNA processing 1 homolog B (RRP1B) induces a transcriptional profile that accurately predicts patient outcome in breast cancer. However, the mechanism by which RRP1B modulates transcription is unclear. Here, the chromatin-binding properties of RRP1B were examined to define how it regulates metastasis-associated transcription. To identify genome-wide RRP1B-binding sites, high-throughput ChIP-seq was performed in the human breast cancer cell line MDA-MB-231 and HeLa cells using antibodies against endogenous RRP1B. Global changes in repressive marks such as histone H3 lysine 9 trimethylation (H3K9me3) were also examined by ChIP-seq. Analysis of these samples identified 339 binding regions in MDA-MB-231 cells and 689 RRP1B-binding regions in HeLa cells. Among these, 136 regions were common to both cell lines. Gene expression analyses of these RRP1B-binding regions revealed that transcriptional repression is the primary result of RRP1B binding to chromatin. ChIP-reChIP assays demonstrated that RRP1B co-occupies loci with decreased gene expression with the heterochromatin-associated proteins, tripartite motif-containing protein 28 (TRIM28/KAP1), and heterochromatin protein 1-a (CBX5/HP1a). RRP1B occupancy at these loci was also associated with higher H3K9me3 levels, indicative of heterochromatinization mediated by the TRIM28/HP1a complex. In addition, RRP1B upregulation, which is associated with metastasis suppression, induced global changes in histone methylation.
Introduction
Breast carcinoma is the most commonly diagnosed malignancy in women in the United States, with over 235,000 new cases and over 40,000 deaths in 2012 (1) . Metastasis is the main cause of death in breast cancer and metastatic disease is considered incurable (2) . Tumorigenesis and metastasis form a spectrum of progression that are induced by genetic alterations and disruption of epigenetic modifications (3) . The sequential acquisition of random somatic mutations within the primary tumor is the most widely accepted model of metastasis at the molecular level. However, it is becoming increasingly clear that although somatic mutation is the primary driver of metastasis, the propensity of a primary tumor to metastasize is strongly influenced by interindividual germline variation (reviewed in ref. 4) .
The consideration of metastasis susceptibility as a heritable trait with a complex inheritance pattern has led to the identification of several germline-encoded metastasis modifier genes, including ribosomal RNA processing 1 homolog B (RRP1B). RRP1B was identified as a germline susceptibility gene for breast cancer metastasis using expression quantitative trait locus mapping in the FVB/ N-Tg(MMTV-PyVT)634Mul/J mouse mammary tumorigenesis model (5) . Specifically, two concurrent and independent experimental results identified Rrp1b as a novel germline modifier of metastasis: first, RRP1B is a binding partner of the metastasis modifier SIPA1; second, RRP1B is a germline regulator of extracellular matrix gene expression, which is a class of genes frequently dysregulated in tumors prone to metastasizing (5) . Following its identification using modifier locus mapping, the properties of Rrp1b were investigated by ectopic expression in the highly metastatic Mvt-1 mouse mammary tumor cell line. These experiments demonstrated that Rrp1b dysregulation induced a gene expression signature that predicts survival in multiple human breast cancer datasets with a high degree of reproducibility (5, 6) . The relevance of RRP1B was further highlighted by the finding that a coding germline polymorphism within human RRP1B is consistently associated with clinical outcome in multiple breast cancer cohorts representing over 2,000 patients with breast cancer (5, 7) .
Subsequent protein-protein interaction analyses revealed several probable mechanisms by which Rrp1b dysregulation has such profound and clinically relevant effects on global gene expression (6) . Most notably, these initial studies suggested that RRP1B is most likely a facultative heterochromatin protein because it colocalizes with several heterochromatinassociated histone marks. Concomitantly, RRP1B was shown to physically interact with a number of heterochromatinassociated proteins, including tripartite motif-containing protein 28 (TRIM28; KAP1) and heterochromatin protein 1-a (HP1a; refs. [8] [9] [10] [11] , which are potent inducers of gene silencing. TRIM28 interacts with and recruits SETDB1 (SET domain, bifurcated 1; ref. 9), a histone methyltransferase which has been shown to colocalize with and mediate trimethylation of histone H3 at lysine 9 (H3K9me3; ref. 12 ). This creates high-affinity binding sites for the TRIM28/ HP1a complex (13) . H3K9me3 is a well-known marker of heterochromatin (14) , and a strong association between TRIM28 and H3K9me3 has been reported (15, 16 ).
In our current study, we aim to elucidate the mechanism by which RRP1B regulates metastasis-associated gene expression. We utilized a variety of approaches to define the mechanism by which RRP1B suppresses gene expression. We have used chromatin immunoprecipitation (ChIP) assays to identify chromatin regions bound by RRP1B, and demonstrated that these interactions are often associated with binding of the transcriptional repressors HP1a and TRIM28. Furthermore, we demonstrate that an association of these proteins at discrete genomic loci is concurrent with H3K9me3 and downregulation of gene expression. Taken together, these data demonstrate that the clinically relevant changes in gene expression induced by RRP1B dysregulation and subsequent effects upon metastasis in breast cancer are, at least in part, due to regulation of epigenetic mechanisms.
Materials and Methods

Cell culture
MDA-MB-231 and HeLa cells were acquired from ATCC. All cell lines were maintained in DMEM with 10% FBS and 1% penicillin-streptomycin (Gibco) and incubated in 5% CO 2 at 37 C.
Lentiviral transduction
Lentiviral particles were generated as previously described (17) using the pDest-688 vector containing either human hemagglutinin (HA)-tagged RRP1B or no insert as a control.
After viral infection, cells were selected in normal growth medium containing 10 mg/mL puromycin (Sigma-Aldrich), transferred to 96-well plates, and individual clones were selected by limiting dilution. Ectopic expression of RRP1B in single clonal isolate colonies was confirmed by qPCR as previously described (6) .
siRNA transfection
Two different sequences of RRP1B Silencer Select siRNA (Life Technologies, ID s22978 and s225927) were transfected in MDA-MB-231 cells using Lipofectamine RNAi-MAX Transfection Reagent (Life Technologies) according to the manufacturer's reverse transfection protocol. For RNA isolation, cells were plated at 1 Â 10 5 per 24-well and collected 48 hours after transfection. For protein analysis and ChIP assays, cells were plated in 6-well and 150 mm plates at 2 Â 10 5 per mL.
Cell growth and invasion assays MDA-MB-231 clonal isolates infected with either HA-RRP1B overexpression or control lentiviral particles were seeded in triplicate on 24 mm plates at a density of 10 5 cells per plate and incubated in 5% CO 2 at 37 C for the indicated periods of time. After incubation, the cells were harvested and the number of cells was counted. For soft agar growth assays, cells were plated in triplicate in 0.3% soft agar and allowed to grow for 7 days. Colonies were quantified after staining with 0.005% crystal violet. Cell invasion assays were performed as previously described (18) using the MDA-MB-231 clonal isolate cell lines described above.
Lung colonization assays
One million MDA-MB-231 RRP1B or control cells were intravenously injected via the tail vein of NU/J female mice (Jackson Laboratory). Twenty-six mice were injected with MDA-MB-231 RRP1B cells and 11 mice were injected with control cells. Lungs were harvested 90 days postinjection and pulmonary surface metastases were counted. All animal experiments were performed in compliance with the National Human Genome Research Institute (Bethesda, MD) Animal Care and Use Committee's guidelines.
Total RNA isolation
Total RNA was isolated from cells using RNeasy Mini Kit (QIAGEN). All samples were subjected to on-column DNase I digestion, and RNA quality and quantity were determined using NanoDrop 2000 (Thermo Scientific). Only samples with A 260 /A 280 ratios between 1.8 and 2.1 were used for downstream analysis.
Microarray analysis
Microarray was performed with MDA-MB-231 overexpressing RRP1B and control clonal isolates as previously described (5) . Briefly, total RNA was extracted from MDA-MB-231 clonal isolates and processed using Affymetrix GeneChIP Human Gene 1.0 ST array according to the manufacturer's protocol. Data were analyzed using Partek Genomics Suite and heatmaps were generated using R (19) based on the most significant gene expression data. Data were submitted to Gene Expression Omnibus (accession number GSE53979).
Chromatin immunoprecipitation
ChIP assays were performed using a modified protocol (20) . Briefly, cells were fixed with 1% formaldehyde and lysed with lysis buffer (50 mmol/L HEPES-KOH, pH 7.5, 140 mmol/L NaCl, 1 mmol/L EDTA, 0.1% Triton X-100, 0.1% sodium deoxycholate, and protease inhibitors). Cell lysates were sonicated with a Daigger Ultrasonic Processor and Sonicator Rod for a total of 3 minutes with 30 seconds pulse and 20 seconds off cycles to shear the DNA to a final size of 200 to 500 base pairs. After preclearing with Protein G Sepharose beads (GE Healthcare), antibodies targeting either RRP1B (sc-83327, Santa Cruz Biotechnology), H3K9me3 (ab8898, Abcam), or IgG (12-370, Millipore) were added to the lysate and incubated at 4 C for 3 hours. Protein G Sepharose beads were added and incubated overnight. The complex was washed twice with lysis buffer, once with high salt buffer (50 mmol/L HEPES-KOH, pH 7.5, 500 mmol/L NaCl, 1 mmol/L EDTA, 0.1% Triton X-100, 0.1% sodium deoxycholate), twice with LiCl buffer (10 mmol/L Tris-HCl, pH 8.0, 0.25 mol/L LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1 mmol/L EDTA), and once with TE buffer, followed by elution in TE buffer containing 1% SDS. Cross-links were then reversed and the DNA was purified with QIAquick PCR purification kit (QIAGEN). The DNA obtained was analyzed either by high-throughput sequencing or qPCR.
For ChIP-reChIP, MDA-MB-231 lysates were collected as described above and incubated overnight with the first antibody, either against TRIM28 (ab22553, Abcam) or HP1a (05-689, Millipore), and Protein G Sepharose beads. Immunocomplexes were washed twice with lysis buffer, once with high salt buffer and once with TE buffer, followed by elution. The eluted samples were diluted with lysis buffer and incubated with the second antibody, anti-RRP1B, for 3 hours at 4 C. Protein G Sepharose beads were then added and incubated overnight with rotation at 4 C. The following day, samples were processed according to the ChIP protocol. All immunoprecipitations were performed in triplicate.
High-throughput sequencing
Approximately 100 ng of ChIP DNA with a fragment size of 200 bp was used to produce a library compatible with Illumina sequencing on a GA ii x. Single-end adapters and sample DNA were input into a Beckman SPRI-TE robot along with SPRI-TE reagents for automated library construction. Postconstruction size selection was performed using a 2% agarose gel stained with SYBR-gold and imaged on a Dark Reader. A band representing the range 250 to 350 bp was cut out and gel extracted using QIAquick Gel Extraction Kit (QIAGEN). To ensure minimal amplification, test PCR amplifications were set up for each library. Aliquots were removed at every two cycles from six through 16 cycles and analyzed for yield on a 2% agarose gel. On the basis of these results, large-scale amplification was performed on the remainder of the library. Typically 12 to 14 cycles were required. The PCR reaction was cleaned up using Agencourt Ampure Xp beads (Beckman Coulter). Libraries were quantitated by qPCR (KAPA Biosystems) and sequenced on an Illumina GA ii x on single read flow cells. Early data were generated using version 4 chemistry and later data were generated using version 5 chemistry. Read lengths were 35 bases.
ChIP-sequencing analysis
Read mapping. ChIP DNAs were sequenced in duplicate. ChIP-seq reads were mapped to the hg18 human genome build and analyzed using the samtool suite. Using a database of repetitive elements (21) and the UCSC Genome Browser track characterizing ribosomal RNAs (22) , a bowtie library (23) was generated for the characterization of unmapped reads. The set of unmapped reads was then aligned to the repetitive regions of the human genome using the bowtie tool. H3K9me3 ChIP-seq reads were mapped to the hg19 human genome build.
Peak calling. Using the Input reads as background for HeLa and MDA-MB-231 cells, respectively, MACS (model-based analysis of ChIP-seq, version 1.4.1) was used to determine peaks under a statistical significance range of P ¼ 10 À3 to 10 À7 . For H3K9me3 ChIP-seq data, Sole-Search (Version v2) was used. Visual inspection of the different peak profiles allowed for the identification of relevant replicates and P value settings.
Peak partitioning. Peaks were partitioned using the RefSeq gene annotations available for the UCSC Genome Browser. The resulting genomic partitions include proximal promoters (1 kb upstream to 50 bp downstream of TSS), distal promoters (10 kb upstream to 1 kb upstream of TSS), downstream regions (10 kb directly downstream of the transcription end site) as well as coding regions, exons, introns, untranslated, and intergenic regions. In addition to using genomic partitions, peaks were categorized using UCSC Genome Browser track annotations for noncoding and ribosomal RNAs, alternative events, the top scoring 1% and 5% conserved elements and DNaseI hypersensitive sites, as well as track data derived for the location of CpG Islands (24) and repetitive elements (21) . Venn diagrams were generated using R (19) .
qRT-PCR gene expression analysis cDNA was synthesized from RNA isolated from MDA-MB-231 cells using the iScript cDNA Synthesis Kit (BioRad) following the manufacturer's protocol. Real-time qPCR was performed to detect cDNA levels of RRP1B and a variety of genes (Supplementary Table S1 ) using an ABI 7900 Sequence Detection System (Life Technologies). Reactions were performed using ABI SYBR Green Master Mix as per the manufacturer's protocol. The cDNA level of each gene was normalized to GAPDH cDNA levels using custom-designed primers for SYBR green-amplified target genes. All ChIP-qPCR samples were amplified in duplicate. Statistical significance was calculated by Student t test.
Results
Ectopic expression of RRP1B in a human breast cancer cell line significantly affects cell growth, invasiveness, motility, and lung colonization Previous studies have shown that knockdown of Rrp1b increases the metastatic capacity of Mvt-1 and 4T1 mouse mammary tumor cell lines (25) . To gain a more comprehensive understanding of the role of this gene in metastasis, we used lentiviral-mediated ectopic expression of RRP1B in the human breast cancer cell line MDA-MB-231. Overexpression of RRP1B was confirmed through Western blotting and qRT-PCR (Supplementary Fig. S1 ). Ectopic expression of RRP1B significantly decreased cell growth rates compared with control cell lines (Fig. 1A) . In soft agar assays, fewer colonies were observed with the cells overexpressing RRP1B compared with the control cell lines (Fig. 1B) . When seeded in Transwells, cells overexpressing RRP1B displayed decreased invasiveness compared with the control cell lines (Fig. 1C) . In addition, decreased pulmonary metastases were observed with the overexpression of RRP1B when intravenously injected into the tail vein of NU/J female mice (Fig.  1D ). These data, which complement our earlier studies (25) , confirm that RRP1B is a metastasis suppressor, and that the less metastatic phenotype induced by overexpression of RRP1B is due to changes in cellular growth rate, invasiveness, and migratory capacity.
Microarray analyses of these cells depicted a significant change in gene expression due to the overexpression of RRP1B with 219 downregulated and 73 upregulated genes compared with that of the control (Fig. 2) . These data support the conclusion that the decrease in metastasis and changes in cell behavior were associated with changes in gene expression elicited by RRP1B. Analysis of the associated functions of these genes using Ingenuity Pathway Analysis (IPA, www.ingenuity.com) indicated that cellular growth and proliferation were among the top associated networks (Supplementary Table S2 ).
RRP1B binds to various genic regions within the genome
RRP1B was previously shown to interact with multiple nucleosome-binding proteins, implying that RRP1B may be involved in chromatin modification, which in turn could account for a proportion of the transcriptional changes seen with dysregulation of RRP1B (6). However, the consequence of these interactions and the precise role of RRP1B binding is unclear. The aim of these experiments was to use ChIPsequencing (ChIP-seq) to define regions of chromatin bound by endogenous RRP1B. We hypothesized that RRP1B induces prognostic changes in gene expression and suppresses metastasis by interacting with these chromatinassociated factors at target gene sites. We performed genomewide ChIP-seq in the MDA-MB-231 breast cancer cell line and confirmed in HeLa cells using an antibody targeting endogenous RRP1B. Although not a breast cancer cell line, we deemed ChIP-seq analysis in HeLa cells to be of importance since earlier protein-protein interaction studies in this cell line defined RRP1B as an interactor of chromatinassociated factors (6) . A total of 339 peaks binding RRP1B were identified in MDA-MB-231 cells and 680 peaks were identified in HeLa cells. Among these, 203 and 544 peak regions were unique to MDA-MB-231 and HeLa, respectively, and 136 peak regions were common to both cell lines (Fig. 3A) . To define RRP1B occupancy in relation to gene position, the locations of RRP1B-binding peaks were partitioned into four bins relative to RefSeq gene coordinates; distal promoter, proximal promoter, downstream, and genic regions (Fig. 3B) . The locations of RRP1B occupancy peaks relative to gene position in MDA-MB-231 and HeLa cells are shown in Table 1 . These data demonstrate that RRP1B occupancy peaks were comparatively evenly distributed relative to genic position in both cell lines.
Of the peaks identified by ChIP-seq, eight common RRP1B-binding regions were randomly selected for validation by ChIP-qPCR. A genomic region on chromosome 8 with no evidence of RRP1B binding was selected as a negative control. In both MDA-MB-231 and HeLa cells, we confirmed significant enrichment of RRP1B at binding regions compared with the IgG control, and no significant enrichment of RRP1B was detected at the negative control region (Fig. 3C and D) . To confirm the specificity of the antibody used for ChIP-seq, we performed ChIP-qPCR assays using an alternative RRP1B antibody, which was generated using a different epitope of this protein. RRP1B binding was confirmed at the same eight peak regions using this alternative RRP1B antibody, thus demonstrating the binding specificity of the antibody used to generate global ChIP-seq data ( Supplementary Fig. S2 ). RRP1B associates with potent inducers of heterochromatinization to suppress gene expression Next, we examined how RRP1B binding to chromatin influences gene expression at these loci. In MDA-MB-231 clonal isolates ectopically expressing RRP1B, the expression of 40 genes with RRP1B occupancy peaks either within 5 kb up-or downstream was quantified by qPCR (Supplementary Table S3-1). Transcriptional repression was observed for the majority of genes that were dysregulated in RRP1B overexpressing cells compared with that of the control. Genes that displayed a significant decrease in comparison with the control were selected for further investigation (Fig. 4 and Supplementary Table S3-2). To examine how changes in RRP1B expression levels influenced the transcription of genes with nearby RRP1B occupancy peaks, MDA-MB-231 cells were transfected with one of two different siRNA sequences targeting human RRP1B. Knockdown of RRP1B was confirmed by qPCR and Western blotting (Supplementary Fig. S1 ). qRT-PCR analysis demonstrated that the expression of the majority of these genes, with the exception of SYNJ2 and c-MYC, was rescued and increased significantly compared with that of the RRP1B overexpressing cells (Fig. 4) . Expression of SYNJ2 and c-MYC decreased in comparison with the control with both the overexpression and knockdown of RRP1B. This may be due to a change in an upstream regulator of these genes as a result of silencing RRP1B.
Color key
RRP1B
Given that RRP1B binding is frequently associated with reduced gene expression (Fig. 2) , we chose to focus on the mechanism underlying these observations. We hypothesized that the decreased gene expression observed with RRP1B overexpression is due to increased association of RRP1B with the heterochromatin-associated proteins, TRIM28 and HP1a, at the chromatin region of these genes. We performed ChIP-reChIP-qPCR assays to examine whether RRP1B shares common occupancy with either TRIM28 or HP1a at binding peaks. Two consecutive immunoprecipitations were performed; first using either a TRIM28 or HP1a antibody, followed by a second immunoprecipitation using an RRP1B antibody. The majority of transcriptionally repressed genes with a nearby RRP1B-binding peak had an associated region of TRIM28 and/or HP1a binding. For TRIM28, co-occupancy with RRP1B was detected at significant levels at six of the twelve binding regions within 5 kb of genes that displayed a decreased expression in RRP1B-overexpressing cells; c-MYC, DNM2, EGFR, NCOR2, RAB5B, and SP1 (Fig. 5A) . For HP1a, co-occupancy with RRP1B was determined to be significant at all binding regions that were examined, other than SYNJ2 (Fig. 5B) . Both TRIM28 and HP1 have been shown to colocalize with markers of gene silencing and recruit transcriptional corepressors (8) (9) (10) (11) 16 ). These data demonstrate that a prominent mechanism by which RRP1B reduces gene expression is through an association with the TRIM28/HP1a heterochromatin complex.
RRP1B binding is associated with increased H3K9 trimethylation Given that both TRIM28 and HP1a bind to regions of RRP1B occupancy, and that TRIM28/HP1a binding is associated with an increase in H3K9me3 levels (15, 26) , we hypothesized that the association of these proteins to the common chromatin regions would be accompanied by a concomitant increase in this repressive, heterochromatinassociated histone mark. To examine this, we performed ChIP-qPCR with an antibody against H3K9me3 with MDA-MB-231 cells stably overexpressing RRP1B and control cells. At RRP1B-binding regions where reduced gene expression was observed in RRP1B-overexpressing cells, nine of the twelve genes examined displayed significantly increased levels of H3K9me3 in the cells overexpressing RRP1B compared with the control cells (Fig. 5C ). At these same regions, with the loss of RRP1B expression via siRNA, there was a significant decrease in H3K9me3 levels compared with that of the control (Fig. 5D ). These data indicate that RRP1B-chromatin interactions are not only associated with decreased gene expression, but are also accompanied by transcriptionally repressive changes in histone methylation typically associated with binding of the TRIM28/HP1a heterochromatinization complex.
On the basis of these observations, we chose to examine the global effects of RRP1B dysregulation on levels of H3K9me3. We performed ChIP-seq with H3K9me3-immunoprecipitated samples in MDA-MB-231 cells stably overexpressing RRP1B and control cell lines. A global increase in the number of H3K9me3-enriched regions was observed in cells overexpressing RRP1B (Table 2) . Analysis using Sole-Search identified 78 unique peaks for control cells, 364 unique peaks for RRP1B-overexpressing cells and 190 common regions between the two groups ( Fig. 5E and Supplementary Table S4 ). It is expected that some regions, such as the 78 regions identified here, will have decreased levels of H3K9me3 with RRP1B overexpression. This is supported by our microarray data and gene expression data, which demonstrate that although the predominant effect of RRP1B overexpression is transcriptional repression, there is a subset of genes that exhibit increased expression. Ã , P 0.05; ÃÃ , P 0.005, compared with RRP1B overexpressed. 
Discussion
Over the last decade, various multigene "poor-outcome" breast cancer signatures have been identified (27) (28) (29) . The prognostic power of such signatures has proven so great that they have been deployed in the clinic for risk stratification in newly diagnosed patients with breast cancer. Examples of such signature-based clinical tests include the 21-gene Oncotype Dx and 70-gene MammaPrint (reviewed in ref. 30 ). However, the origins of these signatures and the specific mechanisms regulating gene expression during tumorigenesis are not fully understood.
It is becoming increasingly clear that germline variation has a significant influence upon gene expression within the primary tumor (31) . It is also apparent that germline genetic variation strongly modulates the propensity of primary breast carcinomas to metastasize (reviewed in ref. 4) , which is of significance given that more than 90% of deaths in breast cancer are a direct consequence of metastasis (2) . RRP1B was previously identified as a germline metastasis suppressor that regulates gene expression in a manner that accurately predicts survival in human breast cancer (5, 6) . In this report, we used a combination of ChIP analyses to define interactions between endogenous RRP1B and chromatin, coupled with expression analyses. This approach has defined the manner in which RRP1B interacts with chromatin, and has revealed one possible mechanism by which RRP1B regulates metastasis.
ChIP-seq experiments in MDA-MB-231 and HeLa cells revealed that genomic regions occupied by RRP1B are highly diverse with RRP1B binding to a wide variety of elements in relation to genic position. Given that these cell lines were derived from two different tissues, confirmation of our ChIP-seq findings in additional breast cancer cell lines may be of importance. However, given the degree of RRP1B occupancy peak overlap between these two different cell lines, as shown in Fig. 3A , we predict that a similar degree of peak overlap would be observed with other breast cancer cell lines. Yet, such experiments are beyond the scope of our current work.
Our interest in the TRIM28/HP1a heterochromatinassociated complex stems from an earlier observation showing that both of these proteins physically interact with RRP1B, and colocalize with H3K9me3 (6). Both HP1a and H3K9me3 have been purified with several transcriptionally repressive protein complexes (13, 26, 32, 33) . HP1a, a component of the HP1 tetramer, interacts with TRIM28 (8, 16) , which was also identified as a RRP1B-binding partner, primarily in the perinucleolar region (6) . TRIM28 assembles a macromolecular complex that contains proteins such as Mi2a, SETDB1 (SET domain, bifurcated 1), and HP1, which acts to create a stable heterochromatic microenvironment (8-10, 13, 16) . We found that RRP1B is located near genes with decreased expression that also bound TRIM28 and/or HP1a. In addition, higher levels of H3K9me3 were seen at most RRP1B-binding regions with reduced expression in adjacent genes. Previous studies have shown that TRIM28 and H3K9me3 are specifically enriched at the 3 0 end regions of zinc finger (ZNF) genes (15, 26) . Consistent with these findings, we found that 38 of the H3K9me3-enriched regions unique to RRP1B overexpressing MDA-MB-231 cells were ZNF genes (Supplementary Table S4 ). On the basis of the data presented here, we conclude that RRP1B serves not only to localize TRIM28 and HP1a to specific genomic loci, but also increases H3K9me3 at these same loci, which leads to transcriptional repression. These conclusions are supported by our RRP1B knockdown experiments, which demonstrated that there was a decrease in H3K9me3 levels (Fig. 5D ) coupled with no significant changes in TRIM28 or HP1a levels at these loci compared with the control (Supplementary Fig. S3 ). More specifically, a lower level of RRP1B expression lessened its ability to guide the TRIM28/HP1a heterochromatinization complex to target loci.
RRP1B may be influencing both gene expression and metastasis through additional mechanisms as well. For example, it was apparent that activation of RRP1B suppresses the expression of oncogenes (e.g., c-MYC) and transcription factors with wide-ranging effects (e.g., SP1). Also, our work demonstrates that three genes exhibiting transcriptional repression (DNM2, PHLDA, and PTCH2) do not exhibit a significant increase in H3K9me3 levels, as shown in Fig. 5C . This suggests that additional, and as yet uncharacterized, H3K9me3-independent mechanisms are in part responsible for RRP1B-mediated transcriptional repression. Furthermore, although the majority of genes adjacent to RRP1B occupancy peaks did display reduced expression upon RRP1B overexpression, some genes did display increased expression (Fig. 2) and a reduction in H3K9me3 levels (Fig. 5E ). These complex effects upon gene expression are a reflection of the highly promiscuous manner in which RRP1B interacts with other proteins (34) . For example, it has been previously demonstrated that RRP1B interacts with PARP1 (6), which is a known positive regulator of transcription (35) . In addition, RRP1B also colocalizes with markers of euchromatin (6) . This suggests that RRP1B likely regulates transcription by interacting with multiple transcriptional complexes, in addition to regulating other cellular processes, such as ribosome biogenesis through its interaction with protein phosphatase 1 (34) . Supporting its role in rRNA processing, several nucleolar proteins (e.g., nucleophosmin, nucleolin) have been shown to interact with RRP1B. Interestingly, previous studies reported that these nucleolar proteins also regulate transcription by directly binding to chromatin (36, 37) . RRP1B, which is primarily located in nucleoli, most likely interacts indirectly with chromatin, as it does not possess any known DNA-binding motifs, and recruits chromatin-binding proteins as a means of transcriptional regulation. Given that heterochromatin is concentrated in the nucleus in perinucleolar clusters, it is not surprising that the primarily nucleolar protein RRP1B acts as a regulator of heterochromatinization.
Tumor expression profiling has become a useful tool for assessing prognosis in breast cancer; however, the origin of these prognostic signatures remains somewhat unclear. In this study, we demonstrate that RRP1B regulates metastasisassociated gene expression by interacting with the transcriptional corepressors TRIM28 and HP1a, which act by On the basis of previous studies and our data presented here, the manner in which RRP1B regulates both transcription and metastasis proves to be highly complex, and its impact upon both of these processes are not the result of a simplistic, linear effect on one signaling pathway. Rather, RRP1B dysregulation influences both metastasis and prognostic gene expression through a net effect on multiple pathways and biologic processes.
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